Kaua'i lavas provide a unique opportunity to examine over 4·5 Myr of magmatic history at one location along the Hawaiian chain. New field, geochronological, petrological and geochemical results for a large suite of shield, post-shield and rejuvenated lavas are used to examine models for the origin of rejuvenated volcanism, and to evaluate the composition and structure of the Hawaiian plume. Kaua'i has the most voluminous ($58 km 3 based on new field and water well interpretations) and longest-lived suite of rejuvenated lavas ($2·5 Myr) in Hawai'i. New K^Ar ages and field work reveal an $1 Myr gap (3·6^2·6 Ma) in volcanism between post-shield and rejuvenated volcanism. Isotopic and trace element ratios, and modeling of major elements of Kaua'i' s rejuvenated lavas require low-degree melting (0·02^2·6%) at $1525 AE 108C and 3·5^4·0 GPa of a heterogeneous, peridotitic plume source. High-precision Pb, Sr, Nd and Hf isotopic, and inductively coupled plasma mass spectrometry trace element data show substantial source variations with a dramatic increase in the depleted component in younger lavas. Some shield, post-shield and rejuvenated lavas (4·3^0·7 Ma) have high 208 Pb*/ 206 Pb* (radiogenic Pb produced since the formation of the Earth) values (40·947) indicative of Loa-type compositions, the first reported Loa values in rocks 43 Ma, questioning previous models for the emergence of the Loa component in Hawaiian lavas. The timing, long duration, temporal variation in rock types and voluminous pulse of rejuvenated volcanism (58 km 3 ), and the synchronous eruption of compositionally similar rejuvenated lavas, indicating tapping of common components along 350 km of the Hawaiian chain, are inconsistent with current models for this volcanism. Combining the lithospheric flexure and secondary zone of melting models provides a physical mechanism to initiate and focus the melting at shallower levels within the plume (flexural uplift) with a means to extend the duration of Ko loa volcanism at higher degrees of partial melting.
ADVANCE ACCESS PUBLICATION JUNE 9, 2010
Kaua'i lavas provide a unique opportunity to examine over 4·5 Myr of magmatic history at one location along the Hawaiian chain. New field, geochronological, petrological and geochemical results for a large suite of shield, post-shield and rejuvenated lavas are used to examine models for the origin of rejuvenated volcanism, and to evaluate the composition and structure of the Hawaiian plume. Kaua'i has the most voluminous ($58 km 3 based on new field and water well interpretations) and longest-lived suite of rejuvenated lavas ($2·5 Myr) in Hawai'i. New K^Ar ages and field work reveal an $1 Myr gap (3·6^2·6 Ma) in volcanism between post-shield and rejuvenated volcanism. Isotopic and trace element ratios, and modeling of major elements of Kaua'i' s rejuvenated lavas require low-degree melting (0·02^2·6%) at $1525 AE 108C and 3·5^4·0 GPa of a heterogeneous, peridotitic plume source. High-precision Pb, Sr, Nd and Hf isotopic, and inductively coupled plasma mass spectrometry trace element data show substantial source variations with a dramatic increase in the depleted component in younger lavas. Some shield, post-shield and rejuvenated lavas (4·3^0·7 Ma) have high 208 Pb*/ 206 Pb* (radiogenic Pb produced since the formation of the Earth) values (40·947) indicative of Loa-type compositions, the first reported Loa values in rocks 43 Ma, questioning previous models for the emergence of the Loa component in Hawaiian lavas. The timing, long duration, temporal variation in rock types and voluminous pulse of rejuvenated volcanism (58 km 3 ), and the synchronous eruption of compositionally similar rejuvenated lavas, indicating tapping of common components along 350 km of the Hawaiian chain, are inconsistent with current models for this volcanism. Combining the lithospheric flexure and secondary zone of melting models provides a physical mechanism to initiate and focus the melting at shallower levels within the plume (flexural uplift) with a means to extend the duration of Ko loa volcanism at higher degrees of partial melting.
KEY WORDS: basalt; geochemistry; Hawaii; Kauai; mantle plume; rejuvenated volcanism
I N T RO D UC T I O N
Rejuvenated volcanism is an enigmatic aspect of hotspot magmatism occurring hundreds of kilometers downstream from the ascending mantle plume stem following an eruptive hiatus of variable duration ($0·5^2 Myr). Many oceanic island groups have rejuvenated stage volcanism, including Samoa (Wright & White, 1987) , Kerguelen (Weis et al., 1998) , the Canary Islands (Hoernle & Schmincke, 1993) , Madeira (Geldmacher & Hoernle, 2000) , Mauritius (Paul et al., 2005) and Hawai'i (Macdonald et al., 1983) . The products of rejuvenated volcanism represent only a tiny fraction (typically (1vol. %) of most oceanic island volcanoes and are generally geochemically distinct from the underlying shield lavas (e.g. Clague & Frey, 1982; Walker, 1990) . A depleted source is attributed to most but not all rejuvenated lavas (e.g. Mauritius, Paul et al., 2005) . Many geochemical studies have related the depleted source component to the oceanic lithosphere (e.g. Lassiter et al., 2000; Lundstrom et al., 2003; Yang et al., 2003) , although other studies have suggested that it is part of the mantle plume that produced the shield stage of volcanism on these oceanic islands (e.g. MaalÖe et al., 1992; Geldmacher & Hoernle, 2000; . The latter interpretation is supported by the recognition of a depleted source component in some mantle plume-derived shield stage lavas (e.g. Hawai'i, Iceland, Canaries, Kerguelen, Tahiti and Gala¤ pagos), although its origin is widely debated (e.g. Duncan et al., 1994; Hanan et al., 2000; Blichert-Toft & White, 2001; Doucet et al., 2002; Mukhopadhyay et al., 2003; Frey et al., 2005; Geldmacher et al., 2005) .
The models currently advocated for the origin of rejuvenated volcanism include: (1) melting of the oceanic lithosphere (e.g. Gurriet, 1987) ; (2) decompressional melting of the plume as a result of lateral spreading beneath the lithosphere (e.g. Ribe & Christensen, 1999) ; (3) flexural uplift related to loading the lithosphere above the plume stem (Jackson & Wright, 1970; Bianco et al., 2005) . Each model makes predictions about the geochemistry, volume and age of the rejuvenated lavas. The goals of this study are to provide a better understanding of: (1) the source of rejuvenated magmas and the relationship of this source to the Hawaiian plume; (2) the relationship between Hawaiian rejuvenated volcanism and shield volcanism; (3) the mechanisms for generating rejuvenated magmas. To achieve these goals, we have studied the Ko loa Volcanics on Kaua'i, Hawai'i's most voluminous and longest-lived example of rejuvenated volcanism (Fig. 1) . A new suite of shield, post-shield and rejuvenated samples was collected for geochronological, petrological, and inductively coupled plasma mass spectrometry (ICP-MS) trace element and radiogenic isotope (Sr, Nd, Pb and Hf) analyses. These results are combined with previous geochemical work on other Kaua'i shield lavas to provide the longest ($4·5 Myr) and most comprehensive time-series analysis of volcanism at one location in the Hawaiian chain. The new high-precision isotopic data, especially for Pb and Hf, and the low degrees of partial melting of the Ko loa Volcanics (MaalÖe et al., 1992) , which enhance the possibility of sampling source heterogeneities, allow us to better resolve the origin of rejuvenated volcanism and to examine the structure and evolution of the Hawaiian mantle plume.
R E G I O N A L G E O L O GY
The Hawaiian Islands, the classic example of a mantle plume-produced volcanic chain, have rejuvenated volcanism on six of the older ($6^1·5 Ma) nine main islands (Ka'ula, Ni'ihau, Kaua'i, O'ahu, Moloka'i and Maui; Fig. 2) . Kaua'i, the northernmost and second oldest Hawaiian Island, has the most extensive subaerial deposits of rejuvenated volcanism, covering half of the island (Fig. 1 ). These deposits, the Ko loa Volcanics, have published ages ranging from 0·375 to 3·65 Ma (McDougall, 1964; Clague & Dalrymple, 1988; Hearty et al., 2005) . As discussed below, new field and geochronology studies indicate that Ko loa volcanism probably started at $2·6 Ma after an $1 Myr period of quiescence, consistent with the pronounced weathering horizon separating Ko loa from the underlying shield lavas (Stearns, 1946) . About 40 Ko loa vents have been identified on the island (Macdonald et al., 1960) and several more were found offshore Garcia et al., 2008) . The subaerial cones consist of spatter and cinder, although one tuff cone is present (Macdonald et al., 1960) . Ko loa lava flows are generally distinct from the underlying shield lavas; they are usually thicker (3^15 vs 1^3 m), mostly 'a'a to massive flows (rather than pa hoehoe flows), and single flows are commonly separated by weathering horizons or sedimentary deposits. The petrology and geochemistry of Ko loa lavas have been discussed in several studies including those by Macdonald et al. (1960) , MaalÖe et al. (1992) , Reiners & Nelson (1998) , Reiners et al. (1999) and Lassiter et al. (2000) .
Shield lavas and associated fragmental deposits comprise 495 vol. % of Kaua'i. The subaerial shield lavas are known as the Waimea Canyon Basalts (WCB; Macdonald et al., 1960) , and are well exposed in the $1km deep Waimea Canyon and along the north coast of the island (Fig. 1) . Tholeiitic shield lavas have K^Ar ages ranging from 5·1 to 4·0 Ma (McDougall, 1979; Clague & Dalrymple, 1988) . Rare alkalic lavas (hawaiites and mugearites) are interbedded with and locally cap the tholeiites. These upper WCB flows give K^Ar ages of 3·95^3·87 Ma (McDougall, 1964; Clague & Dalrymple, 1988) , representing Kaua'i's post-shield stage of volcanism. WCB lavas have been characterized petrologically and geochemically by several studies including those by Macdonald et al. (1960) , Feigenson (1984) , MaalÖe et al. (1989) and Mukhopadhyay et al. (2003) . 
VO LU M E E S T I M AT E F O R K O · L OA VO L C A N I C S
A quantitative estimate of lava volume is essential for evaluating the origin of rejuvenated volcanism. None were available prior to our study for any sequence of Hawaiian rejuvenated lavas. For Kaua'i, we examined 80 water well logs with rejuvenated lavas (see Electronic Appendix Table 1 for well data, available for downloading at http://www.petrology.oxfordjournals.org/), and measured 41 sections in roadcuts, coastal cliffs and stream gulches where erosion exposed thick sections of Ko loa rocks. These thicknesses (usually a minimum, because the well ended in or outcrop exposed only Ko loa lavas) were compiled onto the Macdonald et al. (1960) geological map using ArcMap (GIS) software [Environmental Systems Research Institute (2004) ; see the Electronic Appendix for methods used]. Volumes in many of the valleys were inferred from isolated residual masses of Ko loa lavas and are considered a minimum. Many of the deeper wells (!50 m) in the Lihue Basin (Reiners et al., 1999; Izuka, 2006) and the southern coastal areas (Macdonald et al., 1960) were evaluated previously. Other wells were logged by drillers using non-standard terminology. We established the following criteria for distinguishing between shield and rejuvenation lavas in these wells based on our field and petrography work, and that reported by Macdonald et al. (1960) . Ko loa lavas are thicker than the underlying shield lavas (typically 410 m vs 1^3 m), denser (what drillers called 'blue rock'), have lower vesicularity (usually 510 vol. % vs 410 vol. % for shield lavas), smaller olivine phenocrysts (1^2 mm vs 4^5 mm), and commonly have significant weathering zones or sedimentary deposits between flows (Macdonald et al., 1960) . These sedimentary deposits include coralline debris up to 30 m thick (S. Izuka, personal communication, 2004) , and breccias with shield and Ko loa lava debris up to 50 m thick in the southern Lihue basin (Macdonald et al., 1960; Reiners et al., 1999) . These sedimentary units were excluded in the Ko loa volume estimate. Ko loa lavas extend well beyond the coastline based on examination of coastal sections and water wells near the coast, and recovery of lavas with similar compositions and ages south of Kaua'i Garcia et al., 2008) . However, the lack of map and thickness data on these submarine lavas necessitated their exclusion from the Ko loa volume estimate. Thus, our volume estimate is a conservative one.
The volume of Ko loa lavas is estimated at 61·5 km 3 from our ARC-GIS reconstruction using field work, water well interpretations and the geological map of Macdonald et al. (1960) . Adjusting this value for the $6 vol. % average vesicularity of Ko loa lavas (based on thin-section examination of 85 samples spanning the range of Ko loa rock types), the dense rock equivalent volume is $58 km 3 . This is the first quantitative volume estimate for a suite of Hawaiian rejuvenated lavas. Compared with the volume of Kaua'i shield volcano ($57 600 km 3 ; Robinson & Eakins, 2006) , the Ko loa Volcanics represent $0·1% of the shield, which is consistent with previous rough estimates for Hawaiian rejuvenated volcanism (e.g. (1%; Walker, 1990) . The Ko loa Volcanics are the most voluminous Hawaiian example of rejuvenated volcanism McDougall (1964) . These samples were analyzed for major and trace elements and isotopes in our study. See Table 1 for ages. (Macdonald et al., 1983) . Thus, on other Hawaiian Islands, rejuvenated volcanism represents (0·1vol. % of the total island.
S A M P L E S A N D A NA LY T I C A L T E C H N I Q U E S
Ko loa samples were chosen from a new suite of 129 rocks collected during an extensive field program. Thin-section analysis of these samples identified 72 unaltered to weakly altered samples (minor iddingsite on olivine, and no calcite and zeolites in vesicles) for X-ray fluorescence (XRF) analysis. Thirty-seven of the freshest Ko loa samples (see Electronic Appendix Table 2 for locations of these and other samples) were chosen for unspiked K^Ar dating, the preferred method for dating young samples with high atmospheric contamination (Matsumoto et al., 1989) . Fifteen samples, all but one K^Ar dated, were selected for ICP-MS trace element, and Pb, Sr, Nd and Hf isotopic analyses to cover the age (2·44^0·15 Ma), compositional (weakly alkalic to foidite), and spatial ranges for the Ko loa Volcanics (Fig. 1 ). The undated sample was collected and analyzed twice (KR-5 and -11) because of its unusual chemistry. Attempts to date it were unsuccessful.
Stratigraphically, it is one of the oldest Ko loa samples. In addition, seven shield and seven post-shield samples were chosen for comparison with the Ko loa lavas. Four of the post-shield samples were previously K^Ar dated but were otherwise uncharacterized samples (GA prefix; McDougall, 1964) . Four of the shield samples (two dikes and two flows) are from a tunnel into the Ha 'upu Ridge (SE side of the island; Fig. 1 ). Geochronology work was performed at Kyoto University starting with 80^100 g of rock crushed in a stainless steel pestle. Samples were sieved to 250^500 mm, and washed with deionized water and then acetone in an ultrasonic bath. Phenocrysts and xenoliths were carefully removed from all samples using a Frantz isodynamic separator to minimize the presence of extraneous argon. Argon isotope ratios were measured using a VG Isotechß VG3600 mass spectrometer operated in the static mode, connected to extraction and purification lines. Sensitivity of the mass spectrometer was determined by analyzing a known amount of the air standard, which was generally $1·2 Â10 7 V/cm 3 STP. Mass discrimination in the mass spectrometer was corrected assuming 40 Ar/ 36 Ar and 38 Ar/ 36 Ar ratios of the air standard to be 295·5 and 0·1869, respectively (Matsumoto & Kobayashi, 1995) . With Ar/ 36 Ar were estimated from multiple analyses of the air standard, and were 2·0%, 0·2^0·4% and 0·4^0·8%, respectively. For measurement of potassium content, a flame emission spectrometer Asahi Rika FP-33D was used in a peak integration mode with a lithium internal standard. Analytical error for potassium measurement is $2%, estimated from standard deviation of multiple analyses of standard JB3 and JA2. Additional information on methods has been given by Ozawa et al. (2005) .
Microprobe analyses of olivine were undertaken using a five-spectrometer JEOL 8500F instrument operating at 20 kV and 200 nA with a 10 mm beam and 30 s counting times for Mg, Fe and Si, and 60 s for Ni, Mn and Ca using natural standards. Analytical error was 50·1% for Fo and $0·01wt % for CaO, MnO and NiO based on replicate analyses of San Carlos and Marjalati olivine standards. For whole-rock geochemical work, samples were coarsely crushed (1^8 mm) with a tungsten-carbide (WC) coated hydraulic press, ultrasonically cleaned in Millipore water and dried for 24 h at 708C, and hand-picked to remove fragments with signs of alteration. This procedure ensured that only the freshest parts of each sample were analyzed. The efficiency of this process is reflected by the relatively low loss-on-ignition (LOI) values (for methods, see Rhodes, 1996) for most samples (5 1·0 wt %) compared with previous studies. The clean rock fragments were split into two aliquots; one for XRF, and the other for ICP-MS and isotopes. Samples for XRF analysis were powdered using WC-lined mills and analyzed for major and trace elements at the University of Massachusetts (for analytical procedures and precision see Rhodes, 1996; Rhodes & Vollinger, 2004) . For the ICP-MS trace element analysis, samples were powdered in an agate mill, digested in concentrated sub-boiled HF and HNO 3 for 48 h, and then redigested in 6N sub-boiled HCl for 24 h. Once dried, they were re-dissolved in concentrated HNO 3 , dried down again and diluted 5000 times using a 10 ppb In, 1% HNO 3 solution. The trace elements were analyzed by high-resolution ICP-MS using a Finnigan Element2 system at the Pacific Centre for Isotopic and Geochemical Research (PCIGR) at the University of British Columbia . For the isotopic analyses, the agate powdered samples were extensively acid-leached with 6N HCl using methods outlined by Weis & Frey (1991 , Weis et al. (2005) and Nobre Silva et al. (2009) to remove any post-eruptive alteration (7^18 steps, average 10 to reach clear solution, with weigh losses of 23^89%, average 67%). After a 48 h period of digestion in concentrated sub-boiled HF and HNO 3 and a 24 h period of digestion in 6N sub-boiled HCl, the samples were purified using Pb, Sr, Nd and Hf anionic exchange columns to separate these elements (for detailed procedure see Connelly et al., 2006; Weis et al., 2006 Weis et al., , 2007 . The lab blanks measured during the course of this study were 550 pg for Pb, $100 pg for Sr and Nd, and 30 pg for Hf (i.e. entirely negligible in comparison with the amount of these elements in the analysed samples). The Pb and Hf isotopes were analyzed by multi-collector ICP-MS using a Nu Plasma system and the Sr and Nd isotopes were analyzed by thermal ionization mass spectrometry (TIMS) using a Finnigan Triton system, both at the PCIGR. During this study, the NBS 987 standard gave 87 
Here we present a comprehensive geochronological examination of the longest duration of volcanism on any Hawaiian Island (Fig. 2 ). Forty-seven Kaua'i samples (37 Ko loa, three post-shield and seven shield lavas) were successfully analyzed by the unspiked K^Ar method ( 36 Ar contents52·5 Â10 À9 cm 3 STP/g; Table 1 ). Ten samples were run in duplicate with all but one shield sample agreeing within analytical error (Table 1) . Nine samples are from the same flows previously analyzed using conventional K^Ar (Clague & Dalrymple, 1988) or Ar^Ar methods (Hearty et al., 2005) . Our new ages are within analytical error of the previous ages.
The new Ko loa ages more than double the number of ages for this rock group and extend the age range to more recent times (0·15 Ma vs a previous age of 0·375 Ma; Hearty et al., 2005; Fig. 2) . The seven youngest ages (0·15^0·32 Ma; Table 1 ) are from a cluster of cones and associated flows on the south coast of Kaua'i that were identified by Macdonald et al. (1960) as the youngest volcanic features on the island ( Fig. 1 ; ages are plotted for only those samples analyzed for isotopes). There is no other geographical pattern to the age distribution of Ko loa flows (Fig. 1) . The six flows with ages of 0·5^1·0 Ma are widely distributed across the island (Fig. 1 ) from the SW (KV05-01, 0·68 Ma) to NE (KR-3, 0·69 Ma). Sample KR-3 is from a dike that cuts the only identified tuff cone complex on Kaua'i (tuff cones are common in the other major Hawaiian rejuvenated complexes on the islands of O'ahu and Ni'ihau; Stearns & Vaksvik, 1935; Stearns, 1947) . This dike fed a flow that is separated from the tuff cone by an $1m thick red weathering horizon. A juvenile block from the tuff cone (KR-2) yielded a 1·67 Ma age, suggesting the weathering horizon formed over $1 Myr.
Twenty of the new Ko loa ages are 1^2 Ma for flows widely scattered across the island (Fig. 1) . The previously undated, largest (10 km Â14 km) Hawaiian rejuvenated cone, Kilohana on the SE flank of Kaua'i ( Fig. 1) , was formed during this interval (five ages ranging from 1·22 to 1·55 Ma). Older Ko loa samples (42·0 Ma) are rare, and were found along the north coast, in deep canyons in the center and on the SW flank of the island (Fig. 1) , as was noted by Clague & Dalrymple (1988) . The oldest new age is 2·52 Ma, which is much younger than the oldest reported Ko loa age of 3·65 AE 0·03 Ma age for a basanitic flow overlying a conglomerate (Clague & Dalrymple, 1988) . We also dated this basanite flow, obtaining an age of 3·92 AE 0·06 Ma (Table 1) . Both ages are within the range for post-shield Kaua'i lavas (3·6^3·9 Ma; McDougall, 1964; Table 1 ). Some post-shield alkalic and rejuvenated lavas are nearly indistinguishable in major and trace elements, and isotopes, so rock composition is not a valid indicator of whether this flow is from the rejuvenated stage (see major element section below). Furthermore, there is a gap of $1 Myr between this age and the next youngest dated Ko loa sample (2·59 Ma; Clague & Dalrymple, 1988) , despite systematic sampling of Ko loa lavas during this and previous geochronological studies (55 dated samples; McDougall, 1964; Clague & Dalrymple, 1988; Hearty et al., 2005;  Table 1 ). We conclude that Ko loa volcanism began at $2·6 Ma and its duration was $2·45 Myr (Fig. 2) .
Utilizing our new volume estimate of 58 km 3 and the 2·45 Myr age span for the Ko loa Volcanics, the average magma flux rate was $24 km 3 /Myr. This is probably the highest average flux rate of rejuvenated volcanism on any Hawaiian island (Macdonald et al., 1983; Sherrod et al., 2007) . Melting models for rejuventated volcanism generally predict Gaussian magma production rates (Ribe & Christensen, 1999; Bianco et al., 2005) . Thus, Ko loa maximum magma flux rates were probably much higher than 24 km 3 /Myr, much higher than for any other Hawaiian sequence of rejuvenated lavas but much lower than during post-shield (5000 km 3 /Myr) or shield stages (50 000 km 3 / Myr; Walker, 1990).
Ages were obtained for three new post-shield samples: two basanites (3·85 and 3·92 Ma) and a hawaiite (3·58 Ma) from the central and southern parts of the island ( Fig. 1; Table 1 ). These ages are nearly identical to the previously reported K^Ar ages for samples considered as post-shield (McDougall, 1964; Clague & Dalrymple, 1988) . One previously analyzed tholeiitic sample (GA 565) has an anomalously young age (3·53 Ma) for its stratigraphic position (between two other tholeiitic flows with ages of 3·92 and 3·87 Ma; McDougall, 1964) ; thus, its age is assumed to be $3·9 Ma. Combining the new and previous geochronology results indicates that the age gap between the end of shield volcanism and onset of rejuvenated volcanism on Kaua'i is $1·0 Myr (Fig. 2) . Kaua'i's gap is intermediate between the longer hiatuses reported for Ko'olau (1·3 Myr; Ozawa et al., 2005) and Ni'ihau ($2·0 Myr; Sherrod et al., 2007) and the shorter time gaps for much lower volume rejuvenated volcanism complexes on Moloka'i (0·8 Myr; and West Maui (0·6 Myr; Tagami et al., 2003) . These gaps are somewhat shorter than the reported gaps in the Canary Islands (3^4 Myr; e.g. Hoernle & Schimincke, 1993) .
Seven new shield lava samples were successfully dated yielding ages of 4·30^4·57 Ma (Table 1) . Four of the new ages are from the tunnel section through Ha 'upu Ridge, a previous undated feature on the SE flank of Kaua'i ( Fig. 1) . Averaging the Ha 'upu ages yields 4·36 AE 0·08 Ma, identical to the average of eight ages from two areas on the north flank of Kaua'i (4·35 AE 0·09 Ma) but significantly younger than the average of eight ages for the SW flank of Kaua'i (5·1 AE0·2 Ma; McDougall, 1979) . Two new samples (a dike and a flow at river level) from Waimea Canyon, an area previously undated and considered a younger part of Kaua'i's shield (Macdonald et al., 1960) , gave ages of 4·35 and 4·43 Ma. These ages are nearly identical to many of the ages for the northern flanks of the Kaua'i shield (4·35 Ma; McDougall, 1979) . Another sample from a north shore canyon (Wainiha; Fig. 1 ) gave the oldest age, 4·57 Ma. The combined suite of new and previous ages (25) shows that much of the subaerially exposed Kaua'i shield formed between 4·6 and 4·3 Ma, indicating that growth during this period was relatively rapid. During this time interval, the adjacent shield volcano on the island of Ni'ihau was dying (its youngest age is 4·3 Ma; 13 other ages are 4·7^5·6 Ma; Sherrod et al., 2007) .
In summary, combining our new geochronology results with those from previous studies indicates that the Kaua'i subaerial shield-building stage was active from 45·1 to 4·0 Ma, followed by post-shield tholeiitic and alkalic lavas from 3·95 to 3·6 Ma. After a gap in volcanism of $1 Myr, rejuvenated stage volcanism started at 2·6 Ma and continued to 0·15 Ma.
P E T RO G R A P H Y A N D O L I V I N E C H E M I S T RY O F K AUA' I L AVA S
The Ko loa lavas are olivine-phyric alkali basalts. The samples examined here typically have intergranular to subophitic textures with variable amounts of olivine and rare ( 2 vol. %) clinopyroxene (cpx), plagioclase or melilite phenocrysts (0·5 mm) and sparse vesicles (average 6 vol. %) in a groundmass of cpx with variable amounts of olivine, plagioclase (or melilite), nepheline, Fe^Ti oxides, apatite, cryptocrystalline material, glass, and phlogopite (only in two samples). Olivine is the most common phenocryst (5 1^14 vol. %) and is usually euhedral, although some crystals show disequilibrium or deformation features (embayments or kink bands) and are xenocrysts. Partial alteration of olivine to iddingsite is widespread, although it is usually restricted to crystal rims (50·01mm) in our samples. Chromite inclusions are common in olivine. Subhedral to euhedral, concentrically zoned clinopyroxene (cpx, usually augite, rarely titanaugite) occurs in 15% of the samples. Euhedral plagioclase or melilite, and subhedral nepheline are present in 55% of the samples. Microphenocrysts (0·1^0·5 mm) of these minerals are more common. Olivine is found in all of the samples (1^18 vol. %), cpx in half of the samples (5 1^13 vol. %), plagioclase in 60% of the samples (5 1^17 vol. % but not in the foidite samples), melilite (5 1^12 vol. % in 10% of the samples and only the foidites), nepheline (1^6 vol. % in foidites), and Fe^Ti oxides (5 1^6 vol. %) in many samples. Ultramafic xenoliths (mostly dunite) were found in $5% of Ko loa rocks [for a description of Ko loa xenoliths see Ross et al. (1954) and White (1966) ]. The extent of alteration of the Ko loa lavas is highly variable from weak to intense. In general, the younger samples, especially those from the drier southern coast, are less altered. Secondary minerals in the Ko loa lavas include iddingsite after olivine, clay replacement of glassy and cryptocrystalline material, and zeolites and calcite in vesicles.
The analyzed post-shield lavas range from aphyric hawaiite to strongly olivine-phyric alkali basalt (up to 10 vol. % olivine), all with sparse vesicles (1^5 vol. %) in a holocrystalline matrix. Two samples have plagioclase microphenocrysts and one of these, KV03-05, has $1 vol. % cpx phenocrysts and rare, small (1cm) harzburgite xenoliths. These rocks are unaltered or have thin iddingsite rims on olivine. The 11 examined shield lavas range from aphyric to picritic (10^15 vol. % olivine) basalts, although most samples have 55 vol. % total olivine. Several samples have elongate or xenocrystic olivine. Plagioclase and cpx phenocrysts and microphenocrysts are rare in these shield lavas, consistent with their relatively high MgO content (7·5^10·2 wt %). Most of the lavas are holocrystalline (a few are cryptocrystalline) and fresh, especially those from the tunnel, although some have thin iddingsite rims on olivine. Vesicularity is highly variable in this suite, 5 1^30 vol. %.
The forsterite content (Fo) of olivine in 55 crystals from nine Ko loa lavas varies from 87·9 to 67·9% for rocks with Mg-number (100[Mg/(Mg þ Fe 2þ )]) of 62·4^71·7. Olivine cores range from 83 to 88% Fo, somewhat lower than previously published values for Ko loa samples (Fo 86^89; MaalÖe et al., 1992) . Most olivine are unzoned or normally zoned, although reversed zoning was found in seven lower Fo crystals in four samples. Olivine in rocks with Mg-numbers 468 are too low in Fo to be in equilibrium with the whole-rock magma composition. NiO contents range from 0·14 to 0·41wt %. There is a good correlation of Ni with Fo for almost all olivines within each Ko loa sample, unlike in Gran Canaria lavas, which were interpreted to have crystallized from multiple batches of magma (Gurenko et al., 2010) . CaO varies greatly, 0·14^0·74 wt % (most values are 0·21^0·39 wt %), generally increasing with decreasing Fo, although the lowest CaO contents are in reversely zoned, low-Fo crystals. These moderate to high CaO contents are indicative of crustal-level crystallization (e.g. Larsen & Pederson, 2000) . The olivine compositions of Kaua'i shield tholeiites have been well characterized by MaalÖe et al. (1989) , so no new samples were analyzed in this study.
The Ko loa, post-shield and shield lavas show wide major element ranges (Table 2 , Electronic Appendix Table 3 ). The relatively low LOI values, generally 51·4 wt % for Ko loa and 50·6 wt % for all but one of the shield and post-shield samples, indicate that the major element ranges of variation are probably not related to alteration. Low LOI values confirm the petrographic observation that the samples selected for geochemical analysis are unaltered to weakly altered. The Ko loa samples have alkali basalt to foidite compositions (Fig. 3) . The post-shield stage lavas are tholeiites, basanites and a hawaiite (Fig. 3) , typical of post-shield lavas on other Hawaiian volcanoes (e.g. Spengler & Garcia, 1988; Frey et al., 1991) . The shield lavas are exclusively tholeiites (Fig. 3) , as noted by previous studies (e.g. Mukhopadhyay et al., 2003) .
The Ko loa lavas from this study show comparable major element concentrations and ranges to those previously reported for some oxides (e.g. MgO vs SiO 2 ), although somewhat higher CaO/Al 2 O 3 and K 2 O (Fig. 4) . The higher CaO/Al 2 O 3 for some new samples and the positive trend of this ratio with MgO for samples with 410 wt % MgO (Fig. 4c) is probably indicative of variable degrees of partial melting (higher ratio, lower degree) rather than cpx fractionation because these rocks have few or no cpx phenocrysts and there is an inverse correlation of Sc content with MgO (opposite to what is expected for cpx fractionation; Tables 2 and 3 ). The same interpretation was invoked to explain the MgO variation trends for Honolulu rejuvenated lavas (Clague & Frey, 1982) . The lower K 2 O of some previously reported samples is probably related to alteration (LOI values up to 10 wt %; e.g. Reiners & Nelson, 1998) . Most of the new Ko loa samples have relatively high MgO (11^15 wt %), Mg-numbers (70·6^64·5), and Ni (275^505 ppm) and Cr contents (431^722 ppm; Table 2 ), similar to other Hawaiian rejuvenated lavas (e.g. Honolulu Volcanics; Clague & Frey, 1982) . No correlation was found between olivine phenocryst abundance and MgO content in Ko loa lavas with MgO contents 515 wt % that we and MaalÖe et al. (1992) examined. Thus, the composition of most Ko loa lavas with MgO of 13^15 wt % is probably indicative of their near primary magma composition rather than olivine accumulation, which is consistent with the forsterite contents of the olivine in many of these lavas (86^89%; MaalÖe et al., 1992) .
The Ko loa Volcanics are strongly enriched in incompatible elements (Tables 2 and 3 Tb  0·86  1·07  1·33  0·91  0·92  0·87  1·27  1·27   Dy  4·80  5·55  6·47  4·97  4·69  4·46  6·12  6·79   Ho  0·85  0·81  1·05  0·88  0·74  0·73  0·90  1·10   Er  2·08  2·02  2·43  2·32  1·83  1·90  2·22  2·58   Tm  0·24  0·23  0·26  0·27  0·21  0·22  0·23  0·28   Yb  1·57  1·31  1·42  1·79  1·24  1·38  1·33  1·77   Lu  0·17  0·18  0·17  0·21  0·17  0·19  0·16  0·18 (continued) JOURNAL OF PETROLOGY Appendix Table 3 ), a common feature of Hawaiian rejuvenated lavas (e.g. Clague & Frey, 1982; Yang et al., 2003) .
There is a factor of 3·5 variation in Nb/Y, increasing with increasing Ce and correlated with rock type (foidites have higher and alkali basalts lower Nb/Y ratios; Fig. 4e ), except for two samples with very low Nb/Y (50·5) and high Y contents (73 and 91ppm; Electronic Appendix Table 3 ). These samples have probably undergone minor secondary alteration to form a Y-rich phase (rhadophane), as suggested at another Hawaiian volcano (Kaho'olawe; Fodor et al., 1992) . Similar trace element ratio vs rock type correlations in the Honolulu Volcanics were attributed to a factor of five variation in degree of partial melting (Clague & Frey, 1982 ). An additional feature of the Ko loa Volcanics is the wide range in Nb/Y at a given Ce value (Fig. 4e) , which is indicative of a heterogeneous source. Most of the shield and post-shield samples have K 2 O/ P 2 O 5 ratios typical of fresh Hawaiian tholeiites (1·44^1·87; e.g. Wright, 1971 ) confirming petrographic observations and interpretation of low LOI values that most of the shield and post-shield samples are weakly altered to unaltered. The new XRF data for shield samples are comparable with those previously reported for the volcano, with large variations in MgO, Ni and Cr (Table 2) , and a narrow and flat trend on a CaO/Al 2 O 3 vs MgO plot (Fig. 4c ) reflecting variable amounts of olivine fractionation and accumulation. These variations are consistent with the scarcity of cpx and plagioclase in these rocks. Some previously studied samples have lower CaO/Al 2 O 3 and K 2 O (Fig. 4) that may reflect alteration. Among the post-shield samples, the tholeiites are similar to the shield lavas in major elements, whereas the high-MgO alkalic post-shield samples are geochemically comparable with the Ko loa Volcanics (Fig. 4) . The other alkalic postshield samples have lower MgO (54 wt %), Ni and Cr (520 ppm; Table 2 ), typical of the hawaiitic substage of post-shield volcanism (West et al., 1988) .
The tholeiitic post-shield and shield samples examined here have nearly identical trace element concentrations and ratios (Figs 4 and 5; Table 2 ). These ratios are typical of Kea-type Hawaiian tholeiitic lavas (e.g. Zr/Nb514; Rhodes & Vollinger, 2004) . In contrast, the post-shield Tb  1·33  0·94  2·61  0·76  0·90  0·96  0·83  0·84  0·66  0·77   Dy  6·92  5·16  15·71  5·10  5·57  5·09  4·74  4·91  4·13  4·34   Ho  1·12  0·84  3·07  0·83  1·02  0·87  0·83  0·80  0·74  0·75   Er  2·91  2·23  8·84  2·33  2·80  2·34  2·35  2·21  1·96  2·13   Tm  0·34  0·26  1·09  0·29  0·35  0·25  0·29  0·27  0·24  0·26   Yb  2·07  1·53  6·15  1·79  2·27  1·51  1·82  1·71  1·58  1·67   Lu  0·29  0·23  0·74  0·29  0·29  0·21  0·26  0·26  0·18  0·25 Trace element concentrations in ppm. Fig. 5 ; note the linear rather than usual log scale, allowing more details to be seen). The nearly constant HREE abundances and crossing REE patterns indicate the presence of garnet in the source of these lavas (similar features are seen for other Hawaiian alkalic lavas; e.g. Lo 'ihi, Garcia et al., 1995; Kohala, Lanphere & Frey, 1987) . The wide range in incompatible trace element ratios of Kaua'i lavas is indicative of multiple sources (Ba/ Sr and Zr/Nb; e.g. Frey et al., 2005) and variable degrees of partial melting (Nb/Y; e.g. Clague & Frey, 1982) .
The new high-precision isotopic data for the Ko loa Volcanics ( 206 Pb/ 204 Pb ratios reported for rejuvenated lavas, and among the highest reported for any Hawaiian lava (Fig. 6a) . Ignoring these two samples, the Pb ratios of the Ko loa Volcanics overlap with those of Kaua'i shield and post-shield samples. However, the tholeiitic post-shield and new shield samples have higher 208 Pb/ 204 Pb ratios for a given 206 Pb/ 204 Pb ratio, whereas the alkalic post-shield samples have slightly lower 208 Pb/ 204 Pb ratios for a given 206 Pb/ 204 Pb ratio, as do previous shield samples (Fig. 6a) .
The Hf isotopic data (Table 4 ) are the first for Kaua'i's shield and post-shield stages, and supplement six previous values for Ko loa Volcanics (Stracke et al., 1999) . The e Hf vs 206 Pb/ 204 Pb plot (Fig. 6b ) displays a clear distinction between tholeiitic (positive trend) and alkalic samples (negative trend). The Kaua'i tholeiites plot along the hyperbola for Hawaiian shield lavas, whereas the alkalic lavas and other Hawaiian rejuvenated lavas plot above this hyperbola (except for the one high 206 Pb/ 204 Pb sample; Fig. 6b ). A similar pattern is exhibited on an e Nd vs 206 Pb/ 204 Pb plot (Fig. 6c) . The Ko loa lavas have low Sr isotopic ratios (0·70296^0·70325), the lowest for any suite of Hawaiian rejuvenated lavas (Fig. 6d and e) . Kaua'i shield stage lavas have higher Sr values (0·70345^0·70381) similar to other Hawaiian shields (Fig. 6) . There is also a Sr isotopic distinction between alkalic and tholeiitic post-shield samples; the tholeiites plot within the Kaua'i shield field, whereas the alkalic samples plot with Ko loa lavas ( Fig. 6d and e) . The new Kaua'i shield isotope results overlap those from previous studies but extend to higher 208 Pb/ 204 Pb at a given 206 Pb/ 204 Pb and fall within the Loa field (Fig. 6 ). These isotopic differences may reflect the observed regional trends in isotope values (Reiners et al., 1999; Mukhopadhyay et al., 2003) . Our samples are from a Fig. 3) correlates with Nb/Y, indicating that foidites result from lower degrees of partial melting and alkalic basalts result from higher degrees of partial melting. Kaua'i shield represented by light gray field (from Mukhopadhyay et al., 2003) . Ko loa Volcanics from previous studies in darker gray field (Clague & Dalrymple, 1988; MaalÖe et al., 1992; Reiners & Nelson, 1998) . The 'H' on the plots represents the geochemically distinct hawaiite sample, GA 566. previously unanalyzed area on the SE flank of Kaua'i shield ( Fig. 1 ) and fall at the higher end of these trends, consistent with their geographical location.
A temporal variation is observed in some isotopic ratios for the 4·5 Myr of Kaua'i volcanism (Fig. 7) . There is an overall trend towards higher 143 Nd/ 144 Nd and e Hf , and lower 87 Sr/ 86 Sr with decreasing age. In detail, the isotopic differences are related to rock type; the alkalic post-shield and rejuvenated lavas are similar, and distinct from the tholeiites (Fig. 7) . In contrast, 206 Pb/ 204 Pb values range widely and overlap for shield, post-shield and rejuvenated lavas. Among the Ko loa samples, the ranges for Pb, Sr and Nd isotopes narrow at 51·5 Ma with flat trends for 87 Sr/ 86 Sr and 143 Nd/ 144 Nd ratios, and a decreasing trend in 206 Pb/ 204 Pb. In contrast, no temporal isotopic pattern is evident for Honolulu Volcanics .
R EJ U V E NAT E D VO L C A N I S M Source lithology and parental magma composition
It is commonly recognized that oceanic island rejuvenated alkalic lavas are produced by low-degree partial melting of the mantle source (e.g. Clague & Frey, 1982; Yang et al., 2003; Geldmacher et al., 2005) , although there is considerable controversy about the conditions of magma generation. Here we evaluate the primary magma compositions, source lithology and the melting conditions that produce rejuvenated lavas to better understand the origin of these lavas. Primary magma compositions, mantle potential temperatures and source melt fractions for the Ko loa Volcanics were calculated from primitive (high-MgO) whole-rock compositions using PRIMELT2.XLS software (Herzberg & Asimow, 2008) . Details of the computational method have been given by Herzberg & O'Hara (2002) , Herzberg et al. (2007) and Herzberg & Asimow (2008) . Briefly, the program calculates a primary magma composition by incremental addition of olivine to bring a lava composition into equilibrium with a fertile peridotite composition (KR-4003; Walter, 1998) . The isotopic results, however, show that the source for Ko loa lavas was depleted but no experimental data are available for appropriate compositions. All calculated primary magma compositions are assumed to be derived by accumulated fractional melting of this fertile peridotite. Uncertainties in fertile peridotite composition affect the estimated melt fraction but have less impact on mantle potential temperature values (Herzberg & O'Hara, 2002; Herzberg & Asimow, 2008) . PRIMELT2.XLS calculates the olivine liquidus temperature at 1atm (AE318C at the 2s level of confidence; Herzberg & Gazel, 2009 ). The mantle potential temperature estimates have a precision that is similar to the accuracy of the olivine liquidus temperature. The temperature and melt fraction estimates are dependent on model input parameters, which assume no clinopyroxene fractionation in the mantle. Accumulated fractional melts are produced by the mixing of instantaneous fractional melts that are generated by decompression from an initial to a final melting pressure (Herzberg & Asimow, 2008) . All melt fractions calculated with PRIMELT2 are strictly valid for fertile peridotite. However, different peridotite compositions will produce primary magmas with similar MgO at similar conditions of melting, although less liquid volume is obtained from depleted peridotite (Herzberg & O'Hara, 2002) .
The low SiO 2 and high CaO of most Ko loa lavas lie outside the calibration of PRIMELT2 (Fig. 8) . Similar lava compositions are found on many oceanic islands and are thought to have formed as low-degree melts of carbonated peridotite (Dasgupta et al., 2007) . However, four of the higher SiO 2 Ko loa lavas (45^46 wt %) yielded *Alkalic post-shield samples; remaining post-shield samples are tholeiitic. Koloa Volcanics are listed in increasing age order. rep, same solution ran twice; dup, completely new dissolution of same sample; errors (AE) are 2s with only the last digits shown. All samples were leached using method outlined by Weis & Frey (1991 , Weis et al. (2005) and Nobre Silva et al. (2009) . Samples were analyzed for Pb and Hf by MC-ICP-MS using a Nu Plasma Instruments system; for Sr by TIMS using a Finnigan TRITON system. Samples denoted with M were analyzed for Nd by MC-ICP-MS; remaining samples analyzed for Nd by TIMS using a TRITON system. USGS reference BHVO-2 was run twice for Pb isotopes; average reported with difference indicated as error (for characterization of this sample, see Weis et al., 2006) . successful solutions after addition of 12^21% olivine (Table  5 ). The PRIMELT2 results indicate that the primary magmas of Ko loa Volcanics contained 17^18 wt % MgO, $10 wt % CaO and 10^11wt % FeO ( Fig. 9 ; Table 5 ). The degree of partial melting for the Ko loa samples was estimated to be 0·02^2·6%. Calculated mantle temperatures for these Ko loa lavas are remarkably consistent and high (1515^15348C ; Table 5 ) indicating melting from anomalously hot mantle (100^2008C above ambient mantle). These estimates of low degrees of partial melting and high mantle potential temperatures for the Ko loa rejuvenated lavas are similar to estimates for other Hawaiian volcanoes (52% melting; e.g. Yang et al., 2003; $1450^15508C; Putirka et al., 2005 Putirka et al., , 2007 Herzberg et al., 2007) and other oceanic islands (e.g. Cape Verde Islands; Holm et al., 2006) . PRIMELT2 modeling results also indicate moderate melting pressures (3·5^4 GPa; Fig. 9 ). These results are consistent with the flexural arch model for rejuvenated volcanism (Bianco et al., 2005) , which has melting occurring in the upper part of the plume. These moderate pressures are not compatible with the secondary zone model of Ribe & Christensen (1999) , which has melting at the base of the plume. Although the calculated mantle potential temperatures are high, the melt fractions are low because the thick lithosphere did not permit a significant amount of melting. Source lithology is also constrained by PRIMELT2 modeling because melts of spinel peridotite, garnet peridotite and pyroxenite in olivine^anorthite^diopside^silica projection space do not overlap (Herzberg et al., 2008) . The four calculated primary magmas for the Ko loa lavas (Fig. 9 , Table 5 ) all indicate a garnet peridotite (Ol þ Opx þ Cpx þ Gt) source mineralogy, consistent with evidence from REE and other geochemical data (Fig. 5) . Results for primary magma compositions from depleted garnet peridotite have similar major-element compositions to those of fertile garnet peridotite at similar melting conditions, although at lower degrees of melting and producing less than half the amount of melt (Herzberg & O'Hara, 2002; Herzberg & Asimow, 2008) . As discussed below, existing causative models for rejuvenated volcanism are unable to produce the volume or the flux rate of magma observed for the Ko loa Volcanics. Thus, a strongly depleted source [i.e. normal mid-ocean ridge basalt (N-MORB)-source mantle] is unlikely to produce the observed volume of rejuvenated lavas on Kaua'i. PRIMELT2 did not provide successful solutions from a garnet pyroxenite source for the Ko loa primary magma composition (e.g. CaO was significantly lower than in the Ko loa Volcanics; Fig. 9 ).
In summary, the PRIMELT2 modeling provides evidence for the Ko loa lavas being derived from high-MgO (17^18 wt %) primary magmas formed by low degrees of partial melting (0·02^2·6%) at moderate Mukhopadhyay et al., 2003) ; no age data available for these samples. Vertical gray bar in (d) is for previous analyzed but undated Ko loa Volcanics (Stracke et al., 1999) . During the rejuvenated stage, the isotopic heterogeneity decreased abruptly at 1·5 Ma. No simple correlation is seen between age and rock type for Kaua'i volcanism, although the shield samples exhibit higher Sr and lower Nd isotope ratios relative to Ko loa lavas and the Ko loa lavas show a general decrease in Pb isotope ratios. The post-shield samples exhibit a relatively large isotopic range over a small time scale. The 2s error bars for the isotopic ratios and ages are within the size of the symbol. pressures (3·5^4·0 PGa) from a garnet peridotite source with high mantle potential temperatures (1525 AE108C). Thus, a plume source is the most likely origin for Ko loa magmas. This hypothesis is evaluated with isotopic evidence below.
NAT U R E A N D D I ST R I B U T I O N O F M A N T L E S O U RC E S F O R K O · L OA VO L C A N I C S
The source of Hawaiian rejuvenated volcanism has long been debated (e.g. Jackson & Wright, 1970; Clague & Frey, 1982; Gurriet, 1987; Lassiter et al., 2000; Yang et al., 2003; Frey et al., 2005; Dixon et al., 2008) . The duration of the debate reflects the problematic geochemical nature of these lavas: isotopic data indicate a depleted source but trace element compositions suggest an enriched one (Figs 4^6). These contrasting features have been attributed to (1) very small degree melting of depleted mantle (N-MORB source), (2) larger degree melting of recently enriched source (plume), and (3) mixing of melts from enriched and depleted sources (e.g. Reiners & Nelson, 1998; Yang et al., 2003) .
An N-MORB source is unlikely based on the trace element and isotope data (Figs 6 and 10 ). For example, on a plot of Nb/Y vs Zr/Y, the rejuvenated lavas form a coherent trend distinct from the MORB trend (Fig. 10) . Extremely low degrees of melting (50·1%) would be required to create the elevated Nb/Y values of the Ko loa lavas (Fig.  10) , which is both problematic to erupt and to produce the large observed volume of Ko loa lavas ($58 km 3 ). Dasgupta et al., 2007) , lavas from the Canary Islands, and estimated primary melts of fertile peridotite from Herzberg & Asimow (2008) . Curves for liquids derived from accumulated fractional melting of anhydrous, fertile peridotite are from Herzberg & Asimow (2008) . The thick gray curved lines are for initial melting; black curves are for final melting. The dashed, thick black line divides CO 2 -enriched and CO 2 -depleted lavas, which is a filter used by Herzberg & Asimow (2008) for high-CaO, low-SiO 2 lavas that may have formed from carbonated peridotite. The peridotite partial melting experiments of Dasgupta et al. (2007) with 0, 5 and 10 wt % CO 2 at 3 GPa are shown as four black and white boxes. Lava compositions from the Canary Islands with MgO 410 wt % and higher CaO (above the black discriminant line in MgO^CaO in Fig. 9b ) are from the GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc/). The Ko loa lavas follow the trend of the CO 2 array defined by the experiments of Dasgupta et al. (2007) , overlapping with the Canary Islands high-CaO, low-SiO 2 lavas. The four successful PRIMELT2 models for Ko loa lavas, shown in Fig. 9a , lie on the high-SiO 2 side of the dashed black line. A mantle source enriched in trace elements will more easily produce compositions similar to the Ko loa lavas at higher degrees of partial melting. Yang et al. (2003) suggested addition of low-degree melts from enriched mantle into a depleted source to explain the rejuvenated Honolulu Volcanics, although the identity of this source cannot be evaluated from trace element data alone.
High-resolution Pb isotope data also help constrain the Ko loa source. For example, the involvement of the Pacific lithosphere in the generation of the rejuvenated lavas can be evaluated using (1) the $110 Ma lithosphere near Hawai'i, sampled from ODP Site 843 located 300 km west of the island of Hawai'i ( Fig. 1) and (2) (Fig. 6a) . Also, the Ko loa Volcanics define a Pb^Pb isotope trend line that does not intersect the ODP Site 843 lavas or the EPR MORB field as was also noted for the Honolulu Volcanics Nd (e Nd all higher than 8·4) with the Ko loa rejuvenated lavas (Lassiter & Hauri, 1998) . Thus, the Pacific lithosphere is not likely to be a source for the Ko loa lavas. If the depleted component is part of the Hawaiian plume, how and where is it distributed?
Ko loa lavas lie off the well-defined Hawaiian shield HfP b and Nd^Pb arcuate arrays plotting above and near the middle of the array near the Kaua'i shield lavas (Figs 6b and c) , suggesting that these lavas were derived by variable mixtures of at least three source components. Surprisingly, most Hawaiian rejuvenated lavas also project away from the middle region of the Hf^Pb and Nd^Pb arrays (Fig. 6 ) rather than near the composition of the underlying shield (e.g. East Moloka'i and Ko'olau; Fig. 6 ). Thus, the sources for all Hawaiian rejuvenated lavas are remarkably similar. However, each group of rejuvenated lavas forms separate linear trends in high-precision PbP b isotope space (Fig. 11b) , indicating local heterogeneity in the source and that much of the variation is dominated by two components with possible involvement of a third component.
Potential explanations for the presence of the depleted component mainly during the rejuvenated and post-shield stages of Hawaiian volcanism are: (1) it is volumetrically minor within the Hawaiian plume and is swamped by melts from more refractory components during the shield stage; and/or (2) it is concentrated on the margins of the plume and sampled mainly during the later stages of volcanism (e.g. . However, the recognition of the depleted component in shield lavas from the northern Emperor Seamounts, Kaua'i and Ko'olau volcanoes indicates that the depleted mantle (DM) component is not confined to its margins and is a long-lived part of the Hawaiian plume Frey et al., 2005; Salters et al., 2006) . It should be noted that each of these studies has defined the DM component somewhat differently. Thus, the extent of melting and relative volume of the source components are probably the key factors in controlling the presence of the depleted component in Hawaiian lavas (Fig. 6) .
The Ko loa samples with extremely high 206 Pb/ 204 Pb ratios (Fig. 6a) (Fig. 6 ). These samples are from one of the oldest and most silica-undersaturated Ko loa lava (melilite nephelinite; Table 2 ). Thus, this component may be sampled only by very low degrees of melting during the early part of the rejuvenated stage. Total iron adjusted to 92% FeO. Compositions normalized to 100% total (see text for methods).
A carbonatite or carbonated peridotite source component for Ko loa lavas?
CO 2 has been suggested to play an important role in generating rejuvenated lavas on Kaua'i, Ni'ihau (e.g. MaalÖe et al., 1992; Dixon et al., 2008) and other ocean islands (e.g. Cape Verde Islands, Silva et al., 1981; Canary Islands, Hoernle et al., 2002) . The low degree of partial melting needed to generate these strongly alkalic lavas enhances the potential effects of CO 2 (e.g. Dasgupta et al., 2007) . Experiments on garnet peridotite with 0·1^0·25 wt % CO 2 produce ocean island-like carbonated silicate melts from 1^5% melting (e.g. Dasgupta et al., 2007) . These melts are enriched in CaO and depleted in SiO 2 , similar to the rejuvenated lavas from Kaua'i and the Canary Islands (Fig. 8) . Is the CO 2 coming from carbonate in the source? A trend of decreasing Nb/La with increasing Ba/ Th is inferred to be a signature for melting a carbonated peridotite or a carbonatite source . High Ba/Th reflects the high Ba and low Th contents of carbonatites (e.g. Hoernle et al., 2002; Dixon et al., 2008) .
Ba/Th ratios of Ko loa lavas are relatively low (5200) and completely overlap the values of Kaua'i shield tholeiites, in contrast to those of the Ni'ihau rejuvenated lavas (2003 55; Dixon et al., 2008) . A tiny carbonatite component (up to 0·2 vol. %) has been invoked to explain the high Ba/Nb in the Ni'ihau lavas . Thus if there is any carbonatite contribution to the source for the Ko loa lavas, it was extremely minor (50·1vol. %). Low Ba/Th and high Nb/La in North Arch lavas and Honolulu Volcanics were used to infer that these lavas also did not have a carbonatite contribution (Yang et al., 2003) . An alternative explanation for the low SiO 2 and high CaO in the Ko loa rocks is the high CO 2 content in the source (Dasgupta et al., 2007) .
K AUA' I S H I E L D A N D P O ST-S H I E L D M A N T L E S O U RC E S
The Hawaiian plume is thought to consist of three to four dominant compositional components, although the /total Fe is 0·90. White crosses show results from olivine addition (inverse model) using PRIMELT2 (Herzberg & Asimow, 2008) . (b) CaO vs MgO with PRIMELT2 modeling results (white crosses) for Ko loaVolcanics. Potential parental magma compositions with 445 wt % SiO 2 and higher MgO and CaO contents were selected. Olivine was incrementally added to the selected compositions using PRIMELT2 software to show an array of potential primary magma compositions (inverse model). The results from the inverse model are compared with a range of accumulated fractional melts from anhydrous fertile peridotite, derived by parameterization of experimental results using the forward model of Herzberg & O'Hara (2002) . A melt fraction was sought that was unique to both the inverse and forward models (Herzberg et al., 2007; Herzberg & Asimow, 2008) . A unique solution was found when there was a common melt fraction for both models in FeO^MgO and CaO^MgO^Al 2 O 3^S iO 2 (CMAS) projection space. This modeling assumes that olivine was the only phase crystallizing and ignores chromite precipitation, and possible augite fractionation in the mantle (Herzberg & O'Hara, 2002) . Results from PRIMELT2 indicate a residue of garnet peridotite (not spinel peridotite or harzburgite/dunite/pyroxenite). Curve for initial melting pressure at 4 GPa not shown in (a) for clarity. Dashed curves in (a) indicate melt fraction. Solidi for spinel and garnet peridotite are labeled in (a). Thick black line in (b) divides potential melts from peridotite vs pyroxenite based on the results from Herzberg (2006) . identity of these components is hotly debated (e.g. Staudigel et al., 1984; Mukhopadhyay et al., 2003; Frey et al., 2005; Ren et al., 2006 Ren et al., , 2009 Tanaka et al., 2008) . We seek to evaluate the temporal evolution in the isotopic and trace element composition at one location along the Hawaiian chain for volcanic activity spanning $4·5 Myr, the longest timespan in the chain (Fig. 2) . To facilitate the discussion of Kaua'i, we consider the variation of three geochemically distinct, Hawaiian plume end-members: Ko'olau (Loa), Kea and DM. Another commonly invoked component, Lo 'ihi, is largely recognized based on high He isotope values (Kurz et al., 1983; Ren et al., 2009 ), which were not determined in this study. In addition, the Ko'olau component has been subdivided by Tanaka et al. (2002 Tanaka et al. ( , 2008 into depleted and enriched components. These other Hawaiian components and ancient depleted mantle are shown in Fig. 6 . We use the enriched Ko'olau component as the end-member of the Loa component, although this component was thought by some to have emerged in the Hawaiian plume at $3·0 Ma Tanaka et al., 2008) , after growth of the Kaua'i shield. However, Mukhopadhyay et al. (2003) proposed 16^27% Ko'olau component in Kaua'i shield lavas. The DM component is considered to be part of the plume (e.g. Frey et al., 2005) and not MORB-source DM.
The overall temporal evolution in Kaua'i isotopic ratios during the last 4·5 Myr may be explained by varying mixtures of Kea, Ko'olau and DM components. Shield lavas represent a mixture of mostly Kea and Ko'olau components, plotting near the middle of the Hawaiian shield array defined by these two dominant mantle components (Fig. 6) . Our new Sr, Nd and Pb isotope data overlap with previous data for the Kaua'i shield (Mukhopadhyay et al., Zou & Reid (2001) . The modeling uses coefficients for incongruent melting reactions based on experiments on lherzolite melting (e.g. Kinzler & Grove, 1992; Longhi, 2002) . The models simulated garnet lherzolite melting because garnet is required in the source to reproduce the small variations in HREE observed in Ko loa Volcanics. Source mineralogy for primitive mantle garnet lherzolite is 0·2 cpx, 0·25 opx, 0·5 ol, 0·05 gt, and for depleted mantle garnet lherzolite is 0·09 cpx, 0·2 opx, 0·64 ol, 0·07 gt. The melting models assumed that 1% of the total residue is residual melt. Melt reaction coefficients of garnet lherzolite from Walter (1998) . Partition coefficients [from Shaw (2000) and Salters & Stracke (2004) ] were kept constant during melting. Data sources: Ko loa Volcanics, this study; Honolulu Volcanics, Yang et al. (2003) ; Kaua'i shield, Mukhopadhyay et al. (2003) ; K| lauea^Pu'u 'O · 'o , Garcia et al. (1992 Garcia et al. ( , 1996 Garcia et al. ( , 2000 ; Ko'olau shield Kalihi stage, Haskins & Garcia (2004) ; Ko'olau Makapu'u stage, Frey et al. (1994) . Diagram originated from Fitton et al. (1997) . PM, primitive mantle; DM, depleted MORB mantle. PM composition from McDonough & Sun (1995) ; DM from Salters & Stracke (2004 (Figs 6 and 11) . Previously published data on Kaua'i shield lavas (Reiners & Nelson, 1998; Mukhopadhyay et al., 2003) show an evolution from west to east, with an increase in a 208 Pb*/ 206 Pb* and 87 Sr/ 86 Sr and a decrease in e Nd . Southeast Kaua'i, the area of our shield samples, was not previously sampled. Their isotopic compositions overlap with the literature values for east Kaua'i shield, except in Pb isotope ratios. The dominance of two components is supported by the positive linear trend on an e Hf vs e Nd plot for the new tholeiitic shield and post-shield lavas (Fig. 6f) . A third component, DM, was invoked to explain the wide range in Sr isotope data at a given 206 Pb/ 204 Pb value for Kaua'i shield lavas . Our new Sr isotope data for shield and post-shield tholeiitic lavas do not require this component (Fig. 6 ). However, Kaua'i alkalic post-shield and rejuvenated lavas exhibit large isotopic variations requiring a depleted source component. This is well shown on plots of Hf and Nd vs Pb isotope ratios, where alkalic samples diverge orthogonally from the arcuate Hawaiian shield trend (Fig. 6b and c) .
The correlation of rock type (tholeiitic vs alkali basalt) with isotope composition (Hf, Nd, Sr and 208 Pb*/ 206 Pb*; Table 4 ; Figs 6 and 11) for coeval post-shield lavas demonstrates that the three dominant source components for the Kaua'i lavas are intimately mixed on a fine scale. The signature of the depleted component is less for the higher degree of melting tholeiitic lavas vs the alkali basalts (Figs 6 and 10) . Thus, the extent of melting probably plays a key role in the isotopic composition of the Kaua'i lavas. Other Hawaiian shield volcanoes exhibit the same rock types during the post-shield stage, although their tholeiitic and alkalic lavas are isotopically similar and generally distinct from the shield lavas (e.g. Mauna Kea, Haleakala , and East Moloka'i; Chen et al., 1991; Xu et al., 2005; Hanano et al., 2010) . This shield to post-shield variation in isotopic composition for the younger volcanoes was thought to be related to radial zoning in the Hawaiian plume (e.g. Hauri et al., 1994) . The absence of this variation for the Kaua'i tholeiitic lavas suggests radial zoning may be a recent phenomenon for the Hawaiian plume or that another explanation should be sought for the isotopic variation in the younger Hawaiian volcanoes.
The magnitude of Kaua'i's post-shield isotopic variations is similar to that reported for K| lauea shield lavas erupted over only a few thousand years . These relatively large isotopic variations over relatively short time periods indicate that the Hawaiian plume is heterogeneous on a small scale. The implications of these results for the structure of the Hawaiian plume are discussed below.
L OA S O U RC E C O M P O N E N T I N K AUA' I L AVA S
The Hawaiian plume displays a bilateral asymmetry in radiogenic Pb isotopes for lavas erupted south of the Moloka'i fracture zone on the Loa vs Kea trends (Tatsumoto, 1978; Abouchami et al., 2005) . Our new results show that Kaua'i lavas straddle the Loa^Kea Pb isotope boundary (Fig. 11a) . These results indicate that the Loa component is more widespread within the Hawaiian plume than previously thought and that its presence is not related to the Moloka'i fracture zone or plate motion shifts (Xu et al., 2007; Tanaka et al., 2008) . No spatial distribution is evident for the Kaua'i shield, post-shield or rejuvenated lavas (Fig. 1) to account for the distribution of Loa and Kea radiogenic Pb isotope values. Also, there is no temporal pattern to the distribution of Loa-type samples. They occur in rocks from all stages of growth of the island with ages ranging from 0·7 to 4·3 Ma, although not consistently (Tables 1 and 4 ). This is in sharp contrast to dominance of the Loa component in the uppermost shield lavas at Ko'olau (Salters et al., 2006) and West Moloka'i volcanoes (Xu et al., 2007) . This temporal variation was used to argue for a bilaterally zoned plume assuming that the Loa component has a relatively low solidus (e.g. Xu et al., 2007) . The Kaua'i results appear to be inconsistent with this assumption. The Loa component appears in all six of the tholeiitic samples we analyzed (including the post-shield samples), and is absent in the four post-shield alkalic and most extreme rejuvenation stage samples (Fig. 11) . The presence of the Loa component during the post-shield stage only in the tholeiites argues that it is unlikely to be the component with the lowest melting temperature in the Hawaiian plume.
The persistence of the Loa component in all stages of volcanism on Kaua'i suggests that the Loa component is well mixed within the Hawaiian plume, and there is no need to invoke a change in melting conditions or shift in the thermal axis of the plume. This interpretation agrees with the recognition of both Kea and Loa components in tholeiitic lavas from other Hawaiian volcanoes (Haleakala , Ren et al., 2006; K| lauea, Marske et al., 2008) . These results also indicate that both Loa and Kea components were present within the Hawaiian plume at 4·3 Ma, rather than appearing at 43 Ma. Evaluating the longevity of the Loa component and its origin within the plume is beyond the scope of this study. It will require geochemical work on volcanoes to the NW of Kaua'i along the Hawaiian Ridge to evaluate the extent of the Loa component in the Hawaiian plume.
Among other Hawaiian rejuvenated sequences, those erupted on and around the neighboring island of Ni'ihau (Ki'eki'e Volcanics), also plot on both sides of the Kea^Loa line (Fig. 11b) . This was not recognized previously. The Ni'ihau and Kaua'i rejuvenated lavas are coeval (Sherrod et al., 2007) . In contrast, all rejuvenated lavas on younger Hawaiian shield volcanoes plot only on the Kea side of the line (Fig. 11b) even though most erupted during the same time interval as the Ko loa lavas (Fig. 2) and they occur in both the Loa-and Kea-type volcanoes (Fig. 6) . Thus, rejuvenated lavas have been derived from both Kea and Loa source components, although none of the rejuvenated lavas erupted south of Kaua'i have both components. The implications of the Loa component in Kaua'i and Ni'ihau rejuvenated lavas will be examined in the plume structure section below.
G E O C H E M I C A L E VO LU T I O N O F K AUA' I : I M P L I C AT I O N S F O R P LU M E ST RUC T U R E
The isotopic and trace element evidence that Ko loa (Figs 6 and 10) and other rejuvenated lavas are derived from the Hawaiian plume rather than the lithosphere allows us to examine the plume's evolution over $4·5 Myr at one location. An alternative and complementary approach examined the isotopic variation along the Hawaiian chain over 5 Myr for shield volcanoes (Tanaka et al., 2008) . We include rejuvenated lavas in our evaluation of the temporal evolution of Kaua'i to gain a better understanding of the DM component distribution within the Hawaiian plume and to evaluate models for the origin of the rejuvenated volcanism.
Two basic models have been proposed for the geochemical structure of the Hawaiian plume: (1) radial zoning (e.g. Hauri et al., 1996; Lassiter et al., 1996; Blichert-Toft et al., 2003; Bryce et al., 2005) ; (2) bilateral asymmetry with vertically stretched isotopically heterogeneous 'filaments' . Neither of these models adequately explains the geochemical trends seen in all Hawaiian shield lavas without invoking small-scale, time-varying blob and/or string-shaped heterogeneities (e.g. Garcia et al., 2000; Mukhopadhyay et al., 2003; Ren et al., 2005; Marske et al., 2007) . The 4·5 Ma Kaua'i isotopic record of magmatism provides additional justification for revising the simple lateral or radial zonation plume models.
The contribution of the DM component was highly variable during Kaua'i volcanism (Fig. 6) , although overall it increased with time. During the Kaua'i's post-shield alkalic phase (3·9^3·6 Ma), Hf and Nd isotope ratios increased and 87 Sr/ 86 Sr values decreased, indicating the emergence of the DM component (Figs 6 and 11) . The greater proportion of the DM component in the rejuvenated lavas, which are formed at low degrees of melting (e.g. Clague & Frey, 1982) , suggests that this component has been recently enriched (necessary to prevent the isotopic ratios from changing), lowering its solidus temperature.
The increased involvement of the DM component in the younger Kaua'i lavas may be related to the drift of the island off the plume axis, a decrease in the extent of partial melting during the post-shield and rejuvenation stages (3·9^0·15 Ma) or a switch in mechanism for melt generation. Isotopic and seismic evidence (Woods et al., 1991; and numerical modeling of the plume^lithosphere interaction (Ribe & Christensen, 1999) have been used to suggest that the DM component is entrained by the upwelling plume . However, other studies have suggested that this switch in source components is a consequence of melting a heterogeneous source (i.e. different components of the plume contribute at different stages, with the most depleted component appearing later because of its more refractory nature; e.g. Bianco et al., 2005; Paul et al., 2005) . All of these factors are consistent with available data and may contribute to the source change.
The Pb, Nd, Hf and Sr isotopic data are consistent with the involvement of the Kea component in each stage of Kaua'i's eruptive history (Fig. 6 ) and for most Hawaiian volcanoes (Tanaka et al., 2008) . Thus, this component most probably forms the matrix of the Hawaiian plume (Fig. 12) . Alternatively, the Kea component may be the lowest melting temperature component. Other source components sampled by Hawaiian volcanoes (Ko'olau and DM) are evidently present as much smaller domains in the plume (blobs and/or strings) and are relatively short-lived or swamped by the Kea component at higher degrees of partial melting, except on the west side of the Hawaiian paired sequence where it is the probably the dominant component (e.g. Hauri, 1996; Abouchami et al., 2005) . A heterogeneous plume model (Fig. 12) is a viable alternative to the radially zoned or bilaterally zoned plume models for explaining the presence of multiple components in magmas from each volcanic stage.
I M P L I C AT I O N S O F VO LU M E S , AG E S A N D G E O C H E M I S T RY F O R R EJ U V E NAT E D VO L C A N I S M M O D E L S
The current causation models for rejuvenated volcanism are: (1) lithospheric melting by conductive heating (Gurriet, 1987) ; (2) a second zone of mantle plume melting (Ribe & Christensen, 1999) ; (3) flexure-induced decompressional melting (Jackson & Wright, 1970; Bianco et al., 2005) . These models were designed to explain the generation of alkalic magmas by low degrees of partial melting, a characteristic feature of rejuvenated volcanism (e.g. Clague & Frey, 1982) . These models make predictions about the length of the volcanic hiatus between the post-shield and rejuvenated volcanism (in Myr), the duration of volcanism (Myr), melt volume flux (km 3 /Myr) and the nature of the source. We have summarized these variables for the current models in Table 6 . These predictions are now testable using our new results for the volume, geochronology and geochemistry of the Ko loa lavas.
None of the three models above satisfactorily explains the observed features of the Ko loa Volcanics (Table 6 ). The lithospheric melting by conductive heating model advocates melting of the lower lithosphere (Gurriet, 1987) . This is inconsistent with the new Pb isotope data for both the Ko loa (Fig. 6 ) and Honolulu Volcanics and the trace element data (Fig. 10) . This model also fails to explain the $1 Myr hiatus in Kaua'i's volcanism following the shield stage (Fig. 2) . The secondary zone of mantle plume melting and flexure-induced decompression melting models both advocate a plume source. Therefore, additional criteria, such as rock type and age distribution, and geochemical and isotopic data, are required Fig. 12 . Schematic illustration of the plume structure during the 5 Myr evolution of Kaua'i from shield to rejuvenated stage. The vertical plume stem consists of rapidly upwelling material from the deep mantle. The plume spreads out laterally and rises as it is dragged beneath the migrating $100 km thick Pacific lithosphere. The plume consists of a matrix containing the Kea component, with 'blobs' of the Ko'olau and DM components. The shield stage of Kaua'i incorporates Kea and Ko'olau components with little or no DM material. The post-shield lavas form as Kaua'i moves away from the vertical plume stem. The rejuvenated volcanism occurs 300^400 km downstream from the vertical plume stem, incorporating a greater contribution from the DM plus a mixture of Kea and Ko'olau components. The greater proportion of DM component in the rejuvenated lavas, which are formed at low degrees of melting (e.g. Clague & Frey, 1982) , suggests that this component has been recently enriched, lowering its solidus temperature. 
Conductive heating 5100, 5100 short (50·5) or none long ($5) lithosphere (Gurriet, 1987) Secondary plume 10-20, 10 1-2 2-3 plume (Ribe & Christensen, 1999) Flexure induced 10-18, 13 0·85-1·75 1·5-2·25 plume (Bianco et al., 2005) Ka loa Volcanics 58, 24 1·0 2 ·45 plume (this study)
Estimates compiled from sources as noted under mechanism.
to evaluate these models. The secondary zone of mantle plume melting model generates a much smaller volume and lower magma flux rate for the rejuvenated volcanism than observed on Kaua'i (10^20 km Table 6 ). Also, our modeling of the depth of melting for the rejuvenated magmas places it near the top of the plume (Fig. 12) rather than at the base as indicated by the secondary melting model (3·5^4 vs 5^6 GPa; Ribe & Christensen, 1999) .
The flexure-induced decompression melting model of Bianco et al. (2005) has greater predictive capabilities for rejuvenated volcanism allowing us to compare it with observed features. For example, the flexure model predicts the duration and timing of rejuvenated volcanism based on the load over the plume stem (Bianco et al., 2005) . Comparing model predictions with the 57 K^Ar dated Ko loa lavas reveals a broadly similar frequency pattern (Fig. 13) . However, there are several critical inconsistencies: the peak in Ko loa volcanism is much younger than expected (1·0^1·5 Ma observed vs 2·0^2·5 Ma predicted); volcanism should have ended when Kaua'i stopped uplifting at $0·75 Ma rather than persisting until at least 0·15 Ma; and there is no apparent decline in activity during the last 1 Myr (Fig. 13) . Also, the flexure model predicts a lower volume and flux rate than observed (10^18 km Table 6 ). The flexure model also fails to explain the observed simultaneous rejuvenated . The y-axis indicates relative intensity of predicted melt generation, which is plotted against observed eruption rate (based on new and previous radiometric ages). Kaua'i is $500 km from the load focus near Mauna Loa volcano. The Pacific plate is assumed to have moved NW at a rate of $100 km/Myr . Ko loa volcanism began $0·3 Myr later than expected and continued for $0·5 Myr longer than predicted. (b) Histogram of rock types vs age in 0·5 Ma bins. Oldest rocks are strongly alkalic, foidites and basanites (there are no alkali basalts). A peak in volcanism occurs at the midpoint of the duration of rejuvenated volcanism on Kaua'i, producing all three rock types. Volcanism apparently decreased markedly during the last 1Myr, although it was not accompanied by an increase in percentage of foidites (shown in boxes). Age data from McDougall (1964) , Clague & Dalrymple (1988) , Hearty et al. (2005) and Table 1. volcanism along a 350 km segment of the Hawaiian chain (from the islands of Maui to Ni'ihau at 0·35^0·6 Ma; Fig. 2 ).
The flexural model can be used to infer temporal variations in magma compositions based on the amount of flexural uplift, which controls the per cent of melting (Bianco et al., 2005) and the magma major element composition (e.g. Clague & Frey, 1982) . Early and late stages of rejuvenated volcanism should be dominated by minor uplift and low degrees of melting producing foidites, whereas the main pulse of volcanism should result from higher degrees of partial melting producing alkali basalts and basanites. This pattern is well reflected in the early period (4 1·5 Ma) of Ko loa volcanism ($40^60% foidites and 0^10% alkali basalts), changing to nearly equal proportions of foidites and alkali basalts during the main pulse of melting (Fig. 13 ). An opposite pattern was observed for drill core from the Lihue basin (Reiners & Nelson, 1998) , which formed during the peak of rejuvenated volcanism (1·2^1·5 Ma, Fig. 13 ). However, during the latter stages of Ko loa volcanism (5 1 Ma) when the extent of partial melting should have decreased, the abundance of foidites apparently decreases slightly and alkali basalts actually increase. This is opposite to the expected rock type variation.
Our new geochemical and geochronological data for Ko loa lavas show a delayed start for and an extended duration of the volcanism, a relatively shallow Hawaiian plume source, a voluminous and high flux rate of volcanism and temporal variation in rock types (Fig. 13) , plus the presence of synchronous rejuvenated volcanism along 350 km of the Hawaiian chain (Fig. 2) . These features are inconsistent with all of the current models for this volcanism. However, combining the two plume source models (lithospheric flexure and secondary zone of melting) provides a physical mechanism to initiate rejuvenated volcanism and to focus the melting at shallower levels within the plume (lithospheric flexural uplift), with a method to extend the duration of Ko loa volcanism at higher degrees of partial melting (secondary zone of plume uplift). This hybrid scenario should be examined further by numerical modeling.
C O N C L U S I O N S
Kaua'i lavas provide a unique opportunity to evaluate 4·5 Myr of Hawaiian plume magmatic activity at one location. Our study of these lavas has led to the following interpretations.
( (8) The other two models for rejuvenated volcanism, flexural uplift and secondary zone of melting, do not explain the ages, rock types and geochemistry of the Hawaiian rejuvenated volcanism. The large volume and high flux rate, and the relatively shallow depth of melting inferred from major element modeling, are incompatible with the secondary zone of melting model. The long duration and overall timing, large volume and high flux rate, rock type temporal variation, and synchronous rejuvenated volcanism along a 350 km long section of the Hawaiian chain are contrary to the predictions of the flexural uplift melting model. If lithospheric flexure and secondary zone of melting models are combined, however, they provide a physical mechanism to initiate rejuvenated volcanism and to focus the melting at shallower levels within the plume (flexural uplift), with a process to extend the duration of Ko loa volcanism at higher degrees of partial melting (secondary zone of plume uplift). 
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